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FLICET MEASUREMENTS OF HELICOPTER BLADE MOTION
WiTd A COMPARISON BETWEEN THEORETICALD
AND EXEERTMENTAT, RESULTS

By Garry C. Myers, Jr.
SRMARY

In order to provlide basic data on hslicopter rotor-blade
motion, photogrephic records of the behavior of a blads in flight
wore obtained with a conventional single-rotor helicopter. The
results of measuremenis of flapping motion, in-plane motion, and
blade distorticns arc proscnted for melected conditions of flight
at tip-speed ratios ranging from 0.12 to 0.25. The flapping and
in-plane msasurements were reduced to Fourier series coefficlents
end are presented in tebulaer form. Values of measured Fflapping
motion were compared with theoretically calculated values, snd
agreement was found to be good cnough to render the theory useful,
within the range of conditlons tested, in such problems as
estimation of control dispiacement for trim and statlic-stabllity
determination end in the design of the rotor hub. The largest
deviations between predicted and measured flapping motion were
noted in the rather limited climbd conditions tested and further
exemination of this deviation appears desirable.

Perlodlc in-plane motion dus to air forces was shown to be
small, having sn amplitude of about 1° st a tip-speed ratio of
0.25. This fact simpliflies the design problem involved in
minimizing damper loads. The mean drag angle 1s foumd to be
proporticnal (within i3 percent) to the rotor torque divided by
the squere of the rotatlonal speed over a wide range of flight
conditions, which suggests the use of the drag engle in devising
& simple service torguemster for the helicopter. The sgrsement
between measured and predicted drag acgies 1s considered adequete
to warrant confidence in the predicted values in designing the
rotor hubd.

Plots of blade twisting end blade bending in the plane of
flapping are presented for a sample case. The oubter guarter of
the blade was concave downward during most of or all of each
revolutlon for every condition exsmined, which indicates the need
for including tilp-loss factors in blade-stress calculations.
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INTRODUCTION

The ability to predict the motlion of the blades «f a flapping
rotor is of fuwndamental importance in the sclution of many rotary-
wing prcblems. Information on blade-flapping motion is, for
example, en important step in studies of rotor stebility, since
the orientation of the rotor disk must be known wlth resrect to
known axes. For the ssme reason, an understending of the flapping
motion provides a basis for the predilction of required control
displacements for trim. A mowledge of in-plane motion and blade
distorticns is essentisl to studies of blads stresses end rotor
vibration. Ability to predict—blede motion 1s gslso necessary for
the rationsl design of the rotor hub, specifically the stop settings
and bearing positions. .

Altnoungh much experimental end theoretical blade-motion data
are available for autogiros, little data have been published for
the power-on helicopter condition. Blsde-motion theory as presentcd
In reference 1 is equally apvliceble to power-on and autorotative
Tlight conditiona but, becsuvese of the difference in the direction
of flow throush the disk and the accompanying changes in distritu-
tlon of =avplied forces, use of correction factors for the helicopter
condition as detsrmined from comparisonse of theorstical and
experimental autogiro data 1s questlonable. In view of these
facts, a test program was started to obtain dats on helicopter
blade motlion. The present paper glves results obteined in selected
conditions of flight. The tests were conducted in the Flight
Research Division of the Langley Memorial Aeronautical Laboratory.

Measurements of flapping and in-plane mowion in terms of
Fourler series coefficlents obtalned by haxmonic anal.ris are
rresented herein along with sample blade-twist and bending measure-
ments. The measured flapping values are used as an experimental
check on rotor theory in order to determine the usefulness of +the
theory for varlous applications. By establishing the degree of
aegreement—between theoretical and experimental data, the experimental
data not only indicate the accuracy with which theory msy be used
for flapping predictions but alsc aild in checking the adequacy of
some of the assumptlions used in all pheses of rotor theory. The
magnitudes and trends of the higher harmonics of flapping and the
periodic in-plane motion are studled as a source of rotor vibration.
Measureuments of blade twisting and bendiing sre examined with a
view to alding in the determination of some of the factors affecting
the disposition of forces on the rotor blade in flight.

Although by nc meens exhaustive, the data presented are felt
to be of great fundamental valueé in defining the actual nature of
helicopter blade motion.
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DEFINITIORS AND SYMBOLS

The terms “feathering" and “cyclic—plech variation"” as used
horein refer to the variation of rotor-blade pitch angle wlth
Tlede azimuth position.

The "axls of no feathnering" 1s the axis about which there
18 no Tirst-harmonic foathering or cyclic-pitch variation. (See
tha appendix for & detalled explanation of the use of this axis.)

¥ blede azimnih angle measured from down-wind pesition in the
dirsction of rotation

Bg observed blade flapping angle; angle between the blade and the
rlane perpendicular to the robtor-ghaft axis expressed as
a function of azilmubth angle ¥ by the Fourier series

Bg = &0g - a1 co8 v - bls sin ¥ - aés cos 2¥ - bes sin_ew v o s

8 blade flapoing angle; angle between blade and ths plene
perpendicular to The axis of o feathering expressed as
a functlion of azlwuth angle ¥ by the Fourler serles

B=ay-aycos V- sin ¥~ ay cos 2¥ -~ by sin 2¥ .

8g instantansous blede pitch angle at the 0.75 redius measured
wilth respect to the plane perpeniicular to the rotor-
sheft axis expressed as a function of the azimuth angle
¥ by the Fourier series

6g = Aos - Alslcos ¥ —_Bls sln ¥ - Aes cos 2¥% - BEB gin 2¥ . . -
o instentansous tlade pltch angle at the 0.75% radius measured
with vrespect to the axls of no feathering expressed as a
function of the azlmuth angle ¥ by the Fourler serles
8 = Ag - Apcos 2¢ - Bosin 2¥% . . .
blads drzg sngle; angle between blzade and & line drawn
throngh the center of rotation and drag hinge (vertical

pin), posltive in the direction of rotation, expressed
as a function of azimuth angle by the Fourler series

t = to+Eycosy +F) sin ¥ + By cos 2% + Fp sin 2¢ . . .
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true alrspeed of hellicopter, miles per hour

tip~apeed ratlo <?;D£§J%>
inflow ratio < "L.Q}._.'.'..I

induced veloclity at the rgtor

rotor angle of atteck; angle between the projsction of the
axls of no feathsring in the plane of symmetry ard a line
parpondicular to the flight path, positive when sxis is
pointing rearward, degroes

fuseliage angle of attack; angle between relative wind and a
lins in the plsne of symmelxwy ani perpsndicuLar to the
main-rotor-shaft axls, degrees

Co T o] H 43

P/L

thrust coefficlent il
pRE(AR)2

rotor thrust, pounds (assumed equal to L/cos )
rotor 11ift,; pounds

mass denslty of air, slugs per cublc footb
rotor angular veloclty, radiems per second

rotor-bledo radius, fest

shaft power drag-1ift ratio; ratio of drag equivalent of
nmain-rotor-ghaft power absorbed gt a given airspeed to

rotor 11ft (Qu/YL)

shaft torque, pownd-feet

11dit L R
80 ——
4 (:”R:) Jf crgdr

equivalent chord, fTeet.

Jo
local chord, feet

radius to blasde element, feet



c
vy ‘mass constant of rotor blado (:e :) rablo of alr forces

to centrifugal forces
tMass .

b nuwber of blades T
I,  mass moment of inertia of rotor blade about flapping hings .

a glope of 1ift coefliclent sgainst sectlon angle of attack,
per radien (assimed egual to 5.73 in present paper)

B tip-loos factor (teken as 0.97 in present paper)
Subscript:

8 referred to rotor-shaft axis
APPARATUS AND METHODS

The hellcopter used in the present tests was the Sikorsky HNS-1
(Army YR-4B) equipped with the original production rotor blades.
The blade plan form, pertinent dimensions, and mass characteristics
are presentsd in flgure 1. The instrument lnstallatlion was that
described in detall im reference 2 in sddition to a 3I5-millimeter
motlon-pilcture camera mounted rigidly on the rotor hub and pointed
out along ons blade as shown in figure 2.

The blade was marked in such & way as to ldentify the 0.75 radius
and several other spanwlsee stations. Targets were mounted ghead of
end behind the blade at the 0.75 radius to permit pitch-angls
measuremsnts.

Typical photogrephs obtained in flight are shown as Pigure 3.
Bleds motion was determined by observing the manner 1ln which the
blade moved in the field of the camers which was fixed relative to
The rotor shaft. This motion was interpreted in terms of angles
and deflections from similar photographs taken on the growmd with
the blade kept stralgnt by means of a bheam and wedges and held at
known positions in space. The flapping and in-plane motion of the
blade waes defined as the motion of & line comnecting the blade
root and 0.75 radlus.

The azlimuth positions of the camers and blade were determined
by using the tall rotor as a fixsd referonce. Orientation in
azimvuth of cemera framss between those in which .the +all rotor -
appeared was determined by assuming constant rotor-shaft and cemera-
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film speods over the interval, remes wore orilented in azimuth
to a precision of +2°, -

Tlight teste conslsted of & serlee of level-flight runs and
gome gample glides and climbs. The level-flight runs covered an
alirspoed range from 43 to 72 miles per hour at fixed rotational
speeds and covered thres rotationel mpeeds at each end of the
forward-sreed renge. Sinultaneous rocords were taken with the
camsrs and with the recording Instruments used for recording the
flight condivions.

A saxmple of the data obtained from the camera records ls
given in figure U4, which shows results from a typical test
consigting of about 200 blsde positions and cuvering about
20 revolutions. Reading eccuracy for the flapping, in-plane,
ahd pitch angles wae within #0.1° and for the tip deflections,
within 0.1 inch, The congistency of the tes¥ polmts in furming
a single curve for the bending measuremsnts suggestg that the
gscatter evident in the flappinz and pltsh meagurenents may be
due chiefly to the failure of the rotor blade to retrece 1lts
path in succeseive revviutions. The camera may be conslderad
rlgidly supported insofar as flappling, Tending, and piich neasure-
nents are concernsd. In the in-plane directien, however, play in
the crown-housing attachment permitted the cemsra to Te rotated
as much a8 0.1, The control-linkege and blade pitching-mcment
characteriatics provide a moment which tends to hold the ¢rown-
housing at one end of ite free travel, and the small scatter In
. individual runs and in cross-~plcts of coefficients indicate that
the play wasz suppressed. This posalple source of inaccuracy,
however, should be kept in mind in interpreting the dragging-
motion measurements.

RESULTS AND DISCUSSION

For discussicn and analyeis of the test results, the subject
can be divided into three parts: flapping motion, in-plene
motion, and . blade distortions.

Flapping Motion

The flapping and feathering data obtained in flight are
summarized in table I. Values are given that dctermine the flight
condition, the measured flapping motion (that 1s, the flapping
motion of the blade with respect to the_shaft), and the measured
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feathering motion (thet 1s, the cyvclic-plich variation with respect
to the shaft, dus primarily To the conbrol setting). The measured
flapping end feathering values are pressnted in terms of Fourier
sarios coafficients obtained by harmonic anslysis of the flapping
and plich~angle damta.

Peduction of dats to prre flepping systen.- In order to o
compare the measured fisppirg motions witn theorstlcal predictions,
the actusl flepping-feathsring system was reduced to an equivelent
purs flapping system. TFlapping was referred to an axis sgbout
which there was no first-harmonic cyclic-pitch variation, which
has buen 8alfin~d es the axlis of no feathering. The simple con-
verslons of measured flapping end featune:ring coefficients to the
flapping coefficlents referred to the axis of no feathering are
glvewn In the appsndix. The flspping coefficients referrsd to the
axls of no feathering are given in table I,

Thecretical calculations.- Flapping coefficients were calculated
using the performancs charts of refersnce 3 in conjinction with the
thrust end flapping-motion eguations of raference 1. Calculations
were made using experimental values of the psrformance parsmeters
Cpfo, n, and P/L. Since the theoretical expressions for the

Tlapping coefficlonts are given in reference 1 in terms of the
variables A, 6, and u, it was first necessary to determine A
and 6 for the given conditions. The varlable 6 was determined
from the cherte of reference 3 which definse 6 for given values
of P/L, u, and CT/G and for a fixed profile-drag polar. With
the value of 6 known, A was obtained from equation (6) of
reference 1 which relates Cch, A, 6, and p,

Calculaticns for level flight were made for three groups of Crp
corresponiing to the three rotationel speeds for which data were
obtainod in flight. For each value of Cp, the variation of P/L
with ¢ was obtained »y fairing through the experimsntal values
with a theorstical variation of P/ with u used as a guide.

For the glide and climb conditions, theoretical values of the
flapping coefficients were calculated for the actual flight con-
ditions meesured in each case.

Significance of Fourier series coefficients.- For the purpose
of enalysis, the flapping motion is exsmined in terms of the
coefficients of the following Fourler series:

B = 8 - 87 CO8 § - Dy 8in ¥ - ap cos 2§ - by sin 2% . . .

Physically, these coefficlients represent the amplitudes of the
sinusoidal motions which, when added, will produce the actual
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flapping motion. The coefficient 8q, for example, represents
the steady ccning engle. The coefficient ey represents the
emplitude of resrward tilt of the disk with respsct to the axis

of no feathering, and b; represents the degree to which the disk
is tilted laterslly toward the alvancing side. The higher
harmonics, a&ap, by, &3, &and so forth determine the departurs

of the throe—quarﬁer-;adius station from a plane. Althouzh

these higher-harmonic cocfficients are quite small, they are
pignificant in studies of rotor vibration.

Comparison of theoretical results with experimental. results
for level flignt.- The flight values of the flapping coefficients
and pitch angle for the level-flight conditions are compared with
theory In figure 5. The measured coefPficlents for each of the
groups of Cyp were adjusted to mean values (Cp = 0.0046, 0.0055,
and 0.0063) using an increment based on the calculated variation
of flapping coefficlent with Cp. Although the adjustments were
srell and 414 not alter the results matorially, they did reduce
the scatter in the data in every case.

In figure 5(a) measured and calouwlated coning angles are seen
to be in good agreement; gy was underestimated by less then 1/20.
The theory 1s thus seen to predict closely the average radial
center-of-pressure position. The variations of the ccning angle
with p and Cr are quite well predicted except for the higher
values. Ia this comnection, the cbservations of stalling on the
retreating blade are pertinent. Various degrees of tip stalling
vore ohserved at higher speeds and high thrust coefficients, and
at the higheet moasured valus of u (0.25), the tip of the blade
was stalled for approximately one-fourth of sach revolution.
Stalling measurements for these spesds and thrust coefficients
are presented and dlscussed in reference 4. - The test point
for p = 0.25 represents a condition of severe stall. A definite
decrease in coning angle, as compared with the trend. of the rest
of the data, is shown in the figure for this condition. This
decrease isg presumably due to the loms of lift on the retreating
tip resulting from stall.

In figure 5(b), the longitudinal flapping coefficient ay 1s
also seen to be underestimasted; the disagreement tecomes larger at
the higher values of u and Cp. This increase in disagreement
with inoreasing values of p and_Cp might te acecuubed for dy
the incressing region of angles of attack on the retreating side
that fall above the linear portion of the 1ift curve. Vith the
excgption of the coniition for severe stalling, the predicted and
measured valuses differ by less than 1°.
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The lateral flapping coefficlent D3 in figure 5{c) is
vnieregtimated, as might Yo sxpected since no account 1is taken
in tho caiculat*oas of the nonunltormity of inflow over the disk
in the dirsction of flight. If a linesr variation of inflow is
aasuaed irstesad of uniform inflew, agresment is considarenly
impreve Nhe curve im figure H{c] Tor linearly varying infioyw was
calcu_ataa using the following sguatica {refsrence 5}

2

Noy =
1 N

whore K + 1 4is the ratio of the induced velocity ay ths rear of
the diek 40 the meen induced velocity, with a linear variation
from front to rear assumed. Tae valuo of X  used was computed
using the tangont approximstion of -flgure 3 of reference 6. She
resulting curve differs from the corresnonding test points bty
less than 1°. It appears possible that the greater part of the
recaining discrepai.cy can ‘be accovnted for by more refined treat-
ments of the effects of induced flow patterns.

The coefficivnts a, and b, are smail as shown 1n figure S(d)
end, although the agresment is poor ¢n & percentage basis, ths
OVder of magnitude and varistions of coning angle with Cy and ¢
are quite satisfactory. The effects of stall ere again evident
in the teet point for u = 0.25. It should be pointed out that the
presgence of some secand—harmonic feathering {sce tablo 7) ]
neceszarily affected the second-harmonic flapping valves. These
higher harmonics of feathering result from pley and nonlinserity
in the blsds-feathsring iinkage and from periodic Dlads twisting.
Ezxemination of ths probiem iesds %o the opinion, however, that the
degrse of azresmont shown wourld not be significently affected by
epplication of & carrection to the measured Fflapping for the effect
cf this feathsring. The massursd third harmonics asz and Y are
presanted in figure 5{3}. No theoretical wvaluee are glven since
tha equations uasd extended only through tho secomd harmonics. The
third hamronics ars seen to be quite small. (The scale is five
¢imes that for ap and bo.)

The abrupt increase in the second and third hermonics In the
condltlon of extrems stall is interesting in connectlon with the
pilot's reports of severs vibration in the highly stalled condition.

Tn figure 5(f) the calculated value of mesn plich angle is
compared with the theoretical value. The coefficient Ay 1s seen
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to be oversstimeted by sn apprecisbie amownt, which iIndicates that
the assvmed lift-curve slope 1s too lov., Agresuent ia improved at
higher tip-speud ratios, wiich sgain may be the resuld of an
effectivoly decroasad lift-curve slups ceused by the increesing
regions of high angie of atback. Alsor as will te chovn in the
section of the present pepor entitled "Effect of profile drag"
pert of tho disagrsemwsiut arises from the optimistic profile-drag
vaeluss aasumsd In the calculations.

Corparieon of theoretical resuits with exparimentsl results
for climbe apd glidss.- In viev of the limited date available for
the oclimb and glide conditlons and the Aifficulty of presentving
a coapardson of celculated and messured flapping coefficlonts for
climd on a eimple plot, the coefficlente for these condliticne
are given along with celculeted values in table XI.

Examinstion of—table IL, togother with the level-flight com-
parison cf figure 5, shows how the degree of egreement between
theory and experimeunt is affected by flight conditicn. In general,
agreement 1s better for glides and pcorsr for climbs than for level
flight. Theory appsars itc underpredict the rate of change of
the coefficients with P/L. This discrepancy in trend 13 not felt
to be large enough to impalr seriously the general usefulness of
the theory but is considered to warrent further investigation.

Eftect of profile drag.- In the theoretical calculations,
one approximation in sldivicn to lhe assumptions gsverning the
guneral theorotical equeticons was mede. The profile drag of the
blades tesied was assumed to be represomied by the polar on
which the performence charte of refsrence 3 are hased. Both
performence messurements of the actual rotor and wind-tunnel
tosts on a portion of a similar blade indicate that the profile
drag waa actually much higher then that essumed. Accordingly,
gample celculations wore mads assuiing a dreg polar with 30 percent
higher profile drag to determine theo effects of kio sapumed pro-
fiie drag. The affects on the predicted flapping coefficients
wera very omall and the 30-percent incresse in profile drag
resulted in a chengas of legs than 2 percent in the cosfficients.
Che predicied value of 4, was decreased sbout 0.4°, however,
which improved the egreement between cslculated and measured
valucs (fig. 5(f}) apprecisdly.

- General remarks.- ¥n order to i1llustrate more clesrly the
over-all asgreement between calculated and measured flapping, the
resultant flapping motions as calculated and as measured for a
semple case are compared in Pigurs 6. The maximum discrepancy
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o :
18 sesn to be abrut l% s Which is small encugh to warrant the use
of the theoretical coning angle and flapping motion in designing
the rotor hub.

The agreement between the theoretical and measured longitudinal
and lateral flapping angles (shown in Pig. 5 to be within 1°) is
consldered to Justify use of the theory for the solution of
problems in which s knowledge of the orientation of the plane of
the 0.75 radius under different comditlions is degired. TFor example,
the orientation of the plane of the rotor disk must be known in
predictions of control required for trim and in the design of the
rotor hub.

In connection with helicopiter static stability, the rates of
change of the latersl and longitvdinal flapping angles with thrust
coefficlent and tip-epsed ratio are signiflcant. The experimental
and theoretical trends shown In figure 5 are felt to be in suffi-
clent agreement to indicete that the thsory will prove useful in
the study of helicopter statlc stebility, at least for preliminary
examination of the provlems involved. In arriving at this con-
clugion, the effsect of adjusting the values of the flapping
coefficlents to constant-power conditions was examined.

In connection with stability studies, it should be mentioned
-that knowledge of the orientation of the plane of the 0.75 radius
does not strictly delfins the direction of the rotor resultent
force. Available theoretical treatments and sxperimental resulis
Indicate that, in connection with the stability and control
studies referred to, the error involved in ignoring the component
of the resultant force in the plane of rotation is, ln general,
not significant. A full diecussion 6f this point is felt to be
beyond the scope of the present paper.

In-Plane Motion

Measured values of blade in-plane motion for each Plight
condition are given in table IIT in terms of the Fourier series
coefficients {5, E, end F, where

=fp+Ey cosV¥v+F sin¥ +Eycos 2V + Fyein2y + ... (2

and where { 1s the angle between the blade axis and a line
through the axis of rotation and the drag hinge. The drag hinge
is the 'vertical pin which allows the blade freedom of motion in
the pleane of the disk.
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Peoriodic in-plane motion.~ Periodic in-plane motion arises
From two sourcee - air forces end "mechanical forces." The torm
“mechanicel forces" as used herein represents the iIn-plane forces
due to the changing moment of inertia during each revolutlion of
the flapping blade with respect to 1ts shaft.

Fourier series coefficlents obtalned from harmonic analysils
of the measured periodic in-plane motion were calculated in order
to determine the megnitudes of the various harmonice. Since the
"mecharical" part of the in-plane motion, caused by first-harmonic
flapping with respect to the shafi, 1s a function of fuselage
center-of-gravity position and fuselege pitching moments and has
no fundemental slgnificancs, this motion, as calculated from
angular momentum considesrstions {using the treatment of reference 7),
was subtrected from the firest-harmonic coefficients in order to
study the remaining in-plans motion caused by air forces. The
motion due to alr forces was found to have a relatively smsll
amplitude over the entire range of conditions tosted and Yo reeach
a maximm of about 1° &t a tip~speed ratio of 0.25.

Tho measured periodic in-plane motion has been plotted for
e sauple case in figure 7, along with the motion dus to alr forces
aions. The motion dus to alr forces alone was determined by
gubtracting the cslculated "mechanicael" contribution to the
motion from the meesured motion. It may be noted that the maximum
elr-torce contributions to the periodic in-plsne motion occur at
approximately ¥ = 170° and ¥ = 350°.

As has been pointsd out, the phase end amplitude of the
"mechenical" input depend upon the flapping motion relative to
the shaft. For the condition shown in figure T, the "mechanicel"
input is seen to add to the air-force input. The "mechanical”
inoput may be varied by changing the combination of shaft angle
and controi position, through use of a horizomtal control surface
for example or by variation of the fusslage center-of-gravity
position. The changes in "mechanical" input with normal fueelage
center-of-gravity varlations may result in motions of the order
of 3° to 4° which are large with respect to the air-force input.
Since the "mechenical" input is under the designer's control,
design center-of-gravity positions (relative to the shaft) may
be chosen o as to offsetto & large degres the motion due to
alr Torces and thus blade in-plane stresses and vibrations in
the hellicopbter due to dsmper loads may be reduced.

Moan drag angle.- The mean drag angle In radiens 1s given
approximateoly by the expression .

t = - Q
o be(marcg)(;‘ée'} +9 (3)
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where
Q main-rotor-shaft torque input, pound-feet
] numbsr of blades

o distance from drag hinge (vertical pin) to axis of rotation,
feet

M blade mass, slugs

rcs radlal position of blade center of gravity, foot,; measured
from drag ninge
rgp vradial position of resultant drag force, feet; measured
from drag hings .

Bquation (3) indicates that for. & given rotor the mean drag
angle is essentlelly a funstion of Q, Since the radial position
of the resulitant asrodynamic force rgp 18 very large with respect
to e (rzp 15 on tho order of 0.7R), the drag angle should be
relativoly inssasitive b0 changes in r3e. Tor exemple, when

Tae = O.TR, & *30-percent variation in rge 1n equation (3)
produceos only a t2-percent change in CO'

T figure 8 measured values of the ratlo of the rotor-shaft
power to tihe cube of the rotor rotational speed (proportional
to Q/ﬂ2 are plotted sgainst measured drag aengles. The test
points rerresent a variety of conditions of flight including
level flight from the spesd for minimum power to top speed, climbs,
and autorotation. It 1s seen that excellent correlation exlste;
the masimum scatter is.gboulb 3 vercent from a mean stralght line,
which ie tae order of accuracy of +the measurements. The linearity
of these data suggests that the theoretical relation should be
useful in imterpreting drag angle in terms of maln-rotor-shaft
torque. A mechanical device wiaich Indicated the mean drag\angle
wculd provide a simple meens of 1ndicating changes in power
absorbed by the maln rotor and, 1f calibrated, could be used
a8 a gervice torquemeter. If a probable_representative valus of
the radisl position of the resultant sercdynamlc drag force le
assumed, such as 0.6R or 0.8R, the drag angles for the various
power conditions can be predicted from equation (3) to within
about 1/2o This approach thus eppsars to be accurate enough to
be useful in designing the rotor huvb. '

-~
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Blade Distortions

Blede twlabing.- Sample measurements of blade torsional
deformation were made for en extreme case, a velocity of 70 miles
per hour at which a largo erea of stall was encountered. Valuss
for twist occurring between two stations wers obtained by measuring
the angle of the 0.75-radlus targets relative to the center
chordwise strip at the 0.50 radius. (See fig. 3.) These values
are plotted agaipst azimuth angle in figure 9. The measurements
are of interest in that they isclate the twisting caused by the
alr forcea on the outer part of the blade. Thoe perlodic twist
18 seen to be of the order of *1/3° with about -0.1° mean twist.
Approximate calculations indicate that in order to produce *1/3
twist a center-~of-pressure travel of the order of +1.5 percent of
the chord is resquired and that .the mean twist corresponds to a
displacemens of the canter of pressure from the genter of gravity
of ahout lf2 pevcent of the chiord. The efect of sballing and
the associated diving moment—on the blade twist is evidenced by
the dip in the curve of-figuro 9 beitween approximately 2k0°
and 360° azimuth.

The twisting-dovn cn the advencing side (high velocities
and low angles) togethevr with the twisting-up on the retreating
side {low velocities and high angles) suggests that the blade
centor of gravity 1s beshind the asrodynemic centor and ihat an
epprociable diving-moment coefficient exlsts sbout the aero-~
dynenmic center. Some diving moment would be expectod on the
biades tested dus to camber caused by fabric distortion.

Blede bending.- In figure 10, blade-bendling deflectlion
curves are shown for geveral ezimuth positione in a sample case
(70 mph, 225 rotor rpm) . Deflections are given relative to a
straight line through the hub and the 0.75 radiuvs. The figure
indicates that the tip portion of the blade is bent concave
dovnwerd over the greater part of the disk, which gives an
S-shape curve to the spar. Inasmuch as the spanwlse mass distribu-
tlon for the bledes tested was approximately proporitlonal to
the chord with no concentrated messes along the span, thie
bending indicates a definite loss of 1ift at the blede tips.
Corresponding observaticnes for other flight conditions likewise
showed this S-ghape curve. Since computations making no allowence
for tip losses 1ndicate apprecieble concaviiy upward over the
entire blade, it thus sppears that tlp losses must be allowed
for in-blade bending-stress calculations in order to obtain
reasonably accurate answers. Thie indication i1s in agreemont
wlth the conclusions arrived at in the thooretical examination
of tip-loss effects given in reference 8.
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A violent Flipping-up of the outer pa.r'b of the blade will be
noted in figure 10 in the reglon of 270° azimath, that is, on the
retreating side of the disk. The nature of this motion is more
clearly shown in the sample bending data in figure 4. The cause
of this phenamenon is not fully understood at the presen't; time and
requires further Investigation. There are indlcations that it
may involve an instebility due to rearward chordwlse center—of—
gravity position,

CONCIUSIONS

On the basls of blade-motion measurements obtained on a
helicopter in flight et tip-spesd ratios ranging from 0.12 to
0.25, the following conclusions are drawn:

1. Comparisons of measured and calculated flapping motions
indicated that, for the range of level-flight conditions tested,
the coning angle and the longitudinal and lsteral flappling angles
may be predicted within about 1°, which renders predictions quite
useful in the design of the rotor hub and for estimatlions of
requlred control displacements for %Hrdim,

2. Somewhat larger devietiona betwsen predicted and measured
flapping motion were noted in the rather limited climb conditions
covered as compared with level~flight conditions, and further
exenination of this deviation appears desirable. o

3. The predicted rates of change of the lateral and longitudinal
flapping angles with tip-speed ratio and thrust coefficient were
felt to be in sufficient agreement with the measured values to
indicate that available blade-motion theory will prove useful in
the study of hellicopter static stablility, at least for preliminary
examination of the problems involved.

4, The periodic inmplane mo*bion caused by air forces were small,
having an emplitude of about 1° at & tip-speed ratio of 0.25. This
Pact simplifies the deslign problem involved in minimizing damper
loads.

5. The mean drag angle was Tound to be proportional to the
rotor-shaft torgue divided by the square of the rotor angular
velocity, within about I3 percent, over a wide range of flight
conditions. The proportionality suggests use of the drag angle
in devising & simple service torquemeter for the helicopter. The
agreement between measured and predlcted lag angles was considered
adequate to warrant confldence in the predicted values in designing
the rotor hub.,
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6. Measuremants cf blade distortions showed substantial downward
bonding of the outer quarter of the dlade, presumably due to the
laas of 1ift at the tip. Lt thus avrears that tip losses must be
allowed for in dleds bernding-stross calculations in order to obtain
reegonabliy sccuvrate snavers.

Lagley Memoriel Aeronauvilcal Leboratory
Natiocnal Advisory Comaittee for Aeronautics
Langley Fielc., Va. Februsry 20, 1947
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APPENDIX : S

CONVERSION OF MEASTURED VALUES OF FEATHERING ARD
FLAPPING WITH RESPECT TO SHAFT TO FLAPPING

ABOUT THE AXTYS OF KO FEATHERILG

Reagon for converglcn.- At the time that 'the basic theoretical
treatments, such as that of refersnce 1, wore made, the typical
rotor arrangements Involved the use of hinges to permit flapping
but no mechanism by means of which feathering could be introduced
with both flapping and feathering referreil to the rotor shaft.

Phe desired orientation of the rotor was achieved by tilting the
rotor shaft. Since that time ths mechanical arrangement in most
designs has boen albtered so that the rotor attitude is controlled
b7y feathering. In other words, a controllable amount of first-
harmonic blade-piltch chengo is introduced relative to the axis

of the rotor shart. Tho two systems are azerodynamically equal, the
‘blades follow the same path relative to space axes, as regards
both pltch angle end flapuoing angls, for any glven flight condition
regardliess of the machanicel means uwsed for achleving it. Thils
fact mey be conflrmed by inspection but has also been deumonstrated
mathematically in roference Q@ end again in more detall In an
unpublished analysis.

In practice, the present rotor systems, such as that of ths
holicopter ‘tested, involve both flapping and feathering, and, for
comparison with theory based on either the assumption of no
feathering or no flapping, & conversion wouldl be necessary. Since
the avallable treatmants, such as that in reference 1, sssume no
feathering, it 1s expedient to convert to thls condlition. :

fhe conversion involved is simply a change of reference
axes, which can be more easily understood by reference to
Pigure 11. TFigure 11{a) shows a longitudinal cross-section
of the rotor come for a system without feathering (that is, a
pure flapping eystem) and the longltudinal tilt of the rotor
shaft required to orient the rotor to correspond to some
particular flight conpdition. ITa figure 11(d)} the flight con-
dition is assumed {0 be the same and hence the tilt of the
rotor ¢cons with respect 46 the fiight path is the same, bdub
The tilt is achleved by a combination of shaft tilt and feathering
relative to this shaft. For clarity, the feathering is assumed
to be achiesved ty a swash plate linked in such a manner that
a 1° longitudinal +t41lt of the plate produces 1° of feathering in
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the blades when the tlades are in the lateral position znd no
feathering vhen the blades are alinad longltulinally. In other
words, tkte tlades do not ckange pitch waile revolving, es referred
Yo the plane oi' the swavh plate, rc mavte. how the swash plate

18 tiltod. In figure 11(a) the blades do not charge pitch as
referread to the shaft axis while revolving. The axis of the

swash plaete in figure 11{b) is thus squivalent to the chaft axls
in figure 1l{a} ineofar as periodic pitch-sngle varietion is
concerned. Since tne swask plate nsed not ba rigged as asssumed
In this Pigure end sinco the trus sigmificance of 1ts nxise is that
no feathering is intrcduced relative to 1¢, this axis is termed
the axis of no feathering, rather than the swesh-plate axis. It
corrogpornds to the shaft axis for an equivulent {or puve flapping)
system incorporating no means for feathering.

& lateral cross-sscilon of the rotor cone, simtlar to figure 11,
may be drawn which would show the relavionshipe betwveen flapping
and. Teathering in that plane.

Fxpressione Por conversion.- The measured flapping (relative
to ghaeft, 18 exprcssed as

Bg = ag - als coB ¥ - bls gin ¥ - a2s cos 2¢ - béé_sin 2¥ . "o

e

The measured pitch angic (relative to shaft) is expressed as

'98 - AOE - Als cog ¥ - Bls sin ¢ - AQB cos 2y - BEB gin 2v . .

Flapping with respect to the axis of no Pfsathering is expressed as
B=ay -~ a, cos y - by ein ¢ - a5 cos 2§ - by 8in 2% . . .

Pitch angle with respect to the axie of no feathering is expressed as

8 = A, - Ay cos 2¥ - By gin 2¢ . . .,

the first-harmonic terme becoming O by definition. Then the



FACA TK No. 1266 ' _—

equatione for traneforring from the shaft axis to the axis of no
Peathering are

8o = 20g
8 = als + BJS
Ty = hls - Ais
8o = Epq4
by = "025
By = 8o
o= gy
] !:3 = A35

I? The sngle betwecn the perpendicular to the robor shaft and
the airstiream is defined as «g, the rotor angle of attack o is
glven by. T —

Cf.=0!.s"B1

—-——
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TARLE T.- FLAFPING AND FEATHERTNG DATA

Rotational

':f'::t (l'l-;h) ﬁ-?.:ml-'o‘sz H c! ?ﬂ' BQ! al! blu a.a. bza 535 b3s ADB Alu Bla "23 Beﬂ A3ﬂ 33! % “ E bl
(rpm) .

1 {Te.8 238 0.220 0.00485{0.281 (7.01]0.9910.3010.32 1-0.08{0.01 |-0.01{ 9.03{-3.00{%.18 -0.161Lo.1o 0.10]0.11] ~7.4)-11.6 5417{3.30
2 7.1 o2h -230 | .o0sh5| .273(8.67[1.09{ k1| 46| -.12{ .02| -.04 [10.10(-3.52| h.99 -.20] -.2h] 11| .09 -6.9}-11.9|6.08|3.93
3 113.0 209 240 | 0631 25(0.85]1.53] B 76| -.21) 1] 06|12 |-h.0116.36) -.28F .36|0 02] -7.2|-13.6{7.80ik.80
% |=B.& 229 JA89] .00538] .2e0{8.30} .64} .68| .35 -.08] .02| -.01] 8,27[-2.62[3.73] -.20| -.0%] .03} .08] -k.5] -8.2]%.37{3.90

| 5 |87.9 209 27| o0552| 2501850 (99| 60 k| -.09] .03 -.08].9.21 [-2.634k.57| -1k | -.20f 12| .02} -6.9|-11.5[5.563.43
6 |53 225 JEk | 00535 260(8.18( .32( .56( .25 ~.08| .04 | -.0k 7.:53 -2.6713.13{ -.18] -.02]0 09| 3.1 -6.2+3,h5 3.23
SRR I Mgt T M i M M i TN M It il s fed B W B M By
8 {3 ol 1301 .00ko) .313{7.20] 160 ASY 1T) -06) W05 -.05] 6.28)-2.21)2.36] -.19]| 0 okl 181 -2.3] L 7l2.8010.66
9 |we.7| e02 153 00656| .286l9.00| 12| 63| 32| -.07] 03 -.04] B.991-3.27|k.03] -.1k| -.0k|-.03] 03| -2.0] -6.0[t.15]3.82
(10)[%.5 | 286 128} .0053L| .502{8.62|-.08{-.08{ (281 -.11{ 07| -.01| 9.10-3.22|3.50( -.15| 05| .09 .12| -9.7[-13.2[3.h0}3. 30
11 [51.8 223 66| 00nk6( J396(9.15| J13( 0L .33 -.10] .09 -.03{ 9.98(-3.55 1;.10 -.12f .01 .08] .10/-10.1)-1k.2)k.23]3.56
iz rha.k 735 1% 00857 45917.55(0 | |-.20f .14 -.O7] O8] -.08| 8.5 |-2.8%3.15 -.18] .05; .03] .i2| -9.5i-12.63.13{2.62
13 ke | 2w | | .coses| wlo.es| am| or 3] -11] 09! -.ovfr0.k0|-3.u0|n.06) -0 ] -.cn] 07| .09]-10.5)-10.8[k.50]3.50
1k k3.0 201 50| .00533(~.001|7.k8]-.66{1.00[ .10 -.11] .03 -.03] 3.20|-1.58[2.33] .06 -.03{-.10|-.03| 15.0] 12.7{1.6T|2.T9
15 |37.7 ) 19| .008hg|-.012[7.55(-.63|1.16] 08| -.02] 0250 3.43(-1.70|1.T0} -.11| .O%{-.11| .03 19:1; 17.7|1.07}2.86
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TABLE TI.- COMPARISON OF CALCULATED AND MEASURED

FLAPPING CORFFICTENTS TN GLIDES AND CLIMBS

b b
rout|7ate ot| ¢ % ! 1 & 2 A
run ‘(’1"“1)’ (mpn)| * | G [P/
frm

Meas- |Calcu- |Meas- {Calou- |Msas- [Calcu- [Meas- |Calsu- |Mean- [Calcu- |Msas- [Caleu-

ured |lated |uwred |[lated |ured |latsd jured |lated [ured [lated |ured |[lated
10 | 468 (k0.5 [0.128/0.00531[0.502(8.62 | 8.16 |3.k2 | 2.97 |3.h0 | 1.46 |0.28 | 0.11 |-0,11{-0.03 | 9.11} 10.6
11§ 8525 [51.8 | .166| .005k6| .396|9.15 | 8.3% |h.23 | 3.93 [3.56 | 1.B7 | .33 Ao | -.20] -.10 {10.0 | 1.0
12 | b2 [s2.4 | .130| .00k87| .kB9|7.85 | T.hh |3.13 | 2.65 |2.62 [ 1.3k | Ak | 1] -.07) -.05| 8.8 9.6
13 | 605 [h2.3 | .241]| .00583| .M80j{9.63 | B.96 jk.ho { 3.42 {3.50 | 1.76 | .36 Ak | =11 -.07 204 j11.k-
ik [-11%0 [43.0 | -140| .00%33{-.011{7.48 | .7.30 j1.67 { 1.99 {2.79 | 1.k0 | .10 JA1 4 -21) ~.0b | 3.3 | k.7
15 |-1260 |[37.7 | -139| .00349|-.012{7.55 | 7.53 |[1.07 | 1.85 {2.86 | 1.23 | .08 08| -.02] -.03] 3.4} 5.0

NATTONAL, ADNISORY
COHMITTEE FOR AERCWAUTICS

e

8921 "ON NI VOVN



NACA TN No. 1266

TABLE ITI.- IN-PLANE-MOTION DATA

3::# to [B |%y |B [Ty | B3| Ty
1 }-10.75/0.61{-0.%9 }-0.08 {-0.08|0.12]/0.02
2 |-12.50| .79] -.60] ~.03] -.08] .11|-.02
3 |-ik.7201.11} -.88] -.02| -.13] .13]|-.04
b -8.83| .12} -.36] -.0k | -.07| .11}{-.02
5 {-10.67| .75 -.89 1 -.07} -.05] .12]-.02
6 -8.18} .64| -.28} -.05{ -.03{ .12{-.01
7 | 7451 .57] -.23] -.04| -.03] .09{-.02
-8 -6.80] k6| -.19| -.031] -.04{ .13] .02
9 {-10.39} .95 -.45{ -.0h | -.04| .10}|-.06
10 |-12.k2 .55 -.33| -.05| -.04 .10{-.02
11 |{-13.03} .70} -.41| -.05] -.03| .09}-.01
12 [-11.16| .b4| -.28} -.07{ -.04} .07}-.01
13 {-1k.5 | 82| -4k | -.05] -.05| .0T|-.01
1k -.09f 60| .08i0 -.02} .16 .11
15 -.03| 59| .09{-.02]|-.04] .08{ .18
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Fgure 1.~ Physical characteristics of the main-rotor blades. All
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(a) ¥ = 70°. (b) ¥ = 310°,
Figure 3.~ Typical blade photographs taken in flight.
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Figure 10.~ Blade bending as measured in flight. » = 0.23; Cr, = 0.0055.
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Figure 11.- Longitudinal cross sections of the rotor cone, showing
the equivalence of a system involving both flapping and feathering
(referred to the shaft axis) to a (pure) flapping system (referred
to the axis of no feathering).



